Absfruct-The adaptive control of a class of large-scale systems formed of an arbitrary interconnection of subsystems with unknown parameters, nonlinearities, and bounded disturbances is investigated.
I. INTRODUCTION
T HE need for self-adjusting control systems, commonly known as adaptive schemes, which can maintain stability and improve performance has been stressed by both theoreticians and practitioners during the last 25 years due to the wide applicability of such schemes to industrial and defense applications. The importance of adaptive control of any system arises because of uncertainties in the system's internal structure and critical parameter values. Large-scale systems are very susceptible to these uncertainties since their operating environment is often poorly known and their parameters cannot be calculated with sufficient accuracy to be used in on-line controllers.
The stability of the present adaptive schemes is based on the assumption that all the information available about the system, and the calculations based upon this information, are centralized, that is, take place at a single location. When considering largescale systems the presupposition of centrality fails to hold due either to the lack of centralized information or the lack of centralized computing capability. Despite several recent applications, where adaptive controllers are used to enhance stability and improve operating conditions of large-scale systems [ 11, [2] , the methodology for designing decentralized adaptive schemes which can handle the inevitable unmodeled interconnections between subsystems, as well as local uncertainties is not yet developed.
Recently, we considered the design of decentralized adaptive controllers for a class of large-scale systems formed of a linear interconnection of subsystems with unknown parameters [3] . In the case where the local states are available for measurement or the transfer functions of the isolated subsystems have relative degree one we obtained sufficient conditions for boundedness. In the absence of interconnections, however, the proposed decentralized schemes cause a residual tracking error. In this paper we consider the more practical problem of decentralized adaptive control of interconnected subsystems when bounded disturbances and nonlinearities are present. Furthermore, the transfer functions of the isolated subsystems can have relative degree n* 5 2. We first show, using an example of two first-order interconnected subsystems, that interconnections, even though weak, can cause parameter drift and therefore instability of the decentralized adaptive control scheme. We then propose new decentralized adaptive controllers which counteract instability and guarantee exponential convergence of the tracking and parameter errors to bounded residual sets. The exponential convergence of the signals in the closed loop is achieved without any restrictions on the frequency spectrum of the local reference input signals. The residual sets for the tracking and parameter error depend on the bounds for the local disturbances and interconnections as well as on some arbitrary design parameters. If some of these parameters are properly selected, then the residual set for the tracking error depends explicitly on the bounds for the disturbances and interconnections in such a way that as the disturbances go to zero and the subsystems get disconnected. the tracking error goes to zero. The stability results of this paper are valid provided some upper bounds for the interconnections are satisfied. This restriction, however, does not arise because of the adaptive control problem, but it is present in almost every decentralized control scheme [ 161. [ 191. The paper is organized as follows. In Section I1 we state the problem and in Section I11 we give an instability example which shows that interconnections, even though weak. can cause parameter drift in the decentralized adaptive scheme. The decentralized adaptive control problem for the case where the relative degree of the transfer functions of the isolated subsystems is one is treated in Section IV. In Section V the results of Section IV are extended to the case where n* I 2. The effectiveness of the proposed schemes is demonstrated using a simple example in Section VI.
PROBLEM STATEMENT
Consider a system which is described as an interconnection of N subsystems. ;.e.. The problem is to design local adaptive controllers using only local information such that the outputs of the local subsystems track the outputs of the corresponding stable local reference models 2) Even if the interconnections were linear, the decentralized adaptive control problem does not directly follow from the centralized one due to the nonrobust behavior of most of the present adaptive schemes [3], [12]-[15] with respect to uncertainties such as small bounded disturbances and modeling errors.
Our approach given in the following sections overcomes the above difficulties by 1) considering the nonlinear interconnection functions as perturbation signals of the local linear equations and 2) designing decentralized adaptive schemes which converge exponentially and are, therefore, robust with respect to disturbances and modeling errors.
INSTABILJTY ANALYSIS
Let us consider the second-order system x, = Q l X , + u , + a,zx2
( 3 . 1 ) For the ith isolated subsystem, the adaptive controller
where yi > 0 and e, = xi -xmi is the tracking error, guarantees the following result. If we now apply the controller (3.5), (3.6) to the system (3.1), (3.2) with a12 # 0, the stability of the overall closed-loop system is described by the following error equations:
Assuming that ri = constant different from zero, it can be shown that (3.7)-(3.10) has a unique isolated equilibrium 
(3.12)
Using linearization, it can be shown that if (3.13) then the equilibrium (7.1 l), (3.12) is unstable.
Since a,, is unknowll and there is no exchange of information between the two subsystems, it is possible that (3.13) is satisfied no matter how small la121 is, and therefore instability.
Although condition (3.13) does not necessarily imply unboundedness. simulations of (3.7)-(3.10) with rl = 1, 1-2 = 4, a, = -2, a2 = -1.5, a12 = -0.5, shown in Fig. 1 demonstrate that when (3.13) is satisfied, K , (t) drifts to infinity even though all the other signals in the closed loop remain bounded. This parameter drift phenomenon is due to the interaction term a I 2 x m~ which acts as a bounded disturbance in the error equation ( In (4. Remark I : The condition for M to be positive definite in Theorem 1 does not arise from the adaptive control problem. It is a sufficient condition which has to be satisfied in one form or another in every stable decentralized scheme [ 161. The similarity between (4.20) and (4.12), (4.13) is clearly Q; = -eiLi -gig' and Pi = PC;. Remark 2: The parameters of the plant are assumed to be unknown. Therefore, the constants hi, gjj, and ai in (4.14) cannot be calculated. which means that the positive definiteness of M cannot be easily checked. Since as pointed out in Remark 1 it is unrealistic to expect the decentralized adaptive scheme to eliminate the restriction on M to be positive definite, the results of Theorem 1 should be interpreted in a qualitative rather than a quantitative manner.
Remark 3: Our proposed decentralized scheme guarantees the existence of a class of interconnections and local nonlinearities for which instability can be counteracted and performance can be improved. This class is specified implicitly by the condition for M to be positive definite. An explicit characterization of the allowable class of interconnections can be obtained by setting cyi = 1, i = 1, 2, * . , N in (4.14). Then it can be shown [20] where the ai,'s are not necessarily positive. As explained in [ 161, A4 with the constants ajj defined by (4.22) can now be positive definite even though some of the subsystems are strongly coupled. Remark 4: Theorem 1 establishes that the proposed decentralized adaptive scheme guarantees boundedness and exponential convergence of the tracking and parameter errors to bounded residual sets for any finite design parameters uol, Bo,, i = 1, 2, . . a , N. The exponential rate of convergence has been achieved without any restriction on the "richness" of the measurement vectors w,(t). The residual set for the overall tracking and parameter error Do depends on the bounds for the disturbances and interconnections as well as on the design parameters u,,,, do;, i = 1, 2, . * a , N. The expressions (4.16) and (4.17) together with (A4) can be used as design tools for choosing the parameters uor. When all the uoi's are small, the guaranteed rate of convergence outside Do is a function of the uoi's, whereas when all the uoj's are large this rate of convergence is independent of the uoi's. Large u,,'s increase the size of Do without necessarily improving the rate of convergence outside Do. Corollary 1 guarantees that if do, 2 118: 1\ , i = 1, 2, * ., N, then the mean value of Ile(t)[I is independent of the choice of uoj's and becomes zero when the disturbances and interconnections disappear. Corollary 1 guarantees that the overall tracking error converges to the residual set De which depends on the bounds for the disturbances and interconnections in such a way that as the disturbances and interconnections disappear, the residual tracking error can be shown to reduce to zero.
As an application of Theorem 1. let us consider the example (3.7)-(3.10) of Section I11 which is unstable for a12 -< -1. where Lj, Pcj, j = p -t 1, p + 2, -* * N satisfy (4.12), (4.13) and Li, Pci, i-= 1 2, * a , p satisfy (4.12), (4.13) with bci replaced by bci. Then the following theorem and corollary summarize the stability properties of (5.8)-(5.1 l), (5.14).
Theorem 2 stability properties of the two schemes, however, are similar and
Remarks 1-5 of Section IV apply to this section also. For stability, the design parameters a,, associated with the p subsystems with rz* = 2 have chosen large relative to the size of the interconnec- 
VI. EXAMPLE
In this section we demonstrate the effectiveness of the proposed decentralized adaptive schemes by digital simulation using the third-order interconnected system In this case we have a second-order (6.1) and a first-order (6.2) interconnected subsystem and it is required to design the local control inputs uI and u2 such that the outputs y1, y2 track the corresponding outputs, ym1, ym2 of the local reference models Based on the decoupled subsystems of (6.1), (6.2), we design the local adaptive controllers as follows. For subsystem (6.1) we use Let us now apply (6.4)-(6.13) to the overall system (6. l), (6.2) with the interconnections. In Fig. 3 Fig. 4 . For Kol = 2, KO2 = 3, Le., Kol < IlK~Il, KO2 < 11K;'11 the residual tracking errors remain nonzero even in the absence of mterconnections as shown in Fig. 5 .
VII. CONCLUSION
The problem of decentralized adaptive control of a class of large-scale systems formed of an arbitrary interconnection of subsystems with nonlinearities and bounded disturbances is examined. It is first shown that interconnections even though weak can make a decentralized adaptive controller unstable. New decentralized adaptive controllers are then developed which guarantee boundedness and exponential convergence of the tracking and parameter errors to bounded residual sets. The size of these sets depends an the bounds for the disturbances, interconnections and on some design parameters. If some of the design parameters are properly selected then the residual set for the tracking error depends explicitly on the bounds for the disturbances and interconnections in such a way that when the disturbances and interconnections disappear the tracking error reduces to zero. A numerical example is presented which demonstrates the effectiveness of the proposed schemes.
The results of this paper are applicable to interconnected systems whose isolated subsystems have transfer functions with relative degree n * 5 2. The extension of these results to the case of n* > 2 requires a different type of analysis due to the use of augmented errors and is a topic for future research. Since from Theorem 1, V ( f ) is uniformly bounded, (4.19) follows directly from (A8) by dividing by T and letting T + 03.
In the absence of interconnections and disturbances [i.e., K O = 0 in (A8)], (A8) implies that e(t) is square integrable. Since e;, e;, wi are bounded, it follows from (4.8) that e ( t ) is bounded. Hence, e ( f ) is uniformly continuous and square integrable; therefore, [5] Ile(t)ll --t 0 as t -, 03. Noting that l l . $ s l l 5 211 ef5 11 + 211 tm5 11 ', s = 1, 2 . . , p and that I I t , , I I is bounded, we have 298 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. AC-31. NO. 4, APRIL 1986 have . .
